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Resumen. – Machos azules y hembras verdes: dicromatismo sexual en el Saí Azul (Dacnis cayana) y
la Tersina (Tersina viridis). – Las diferencias entre sexos en la coloración del plumaje, conocidas como dicro-
matismo sexual, son un fenómeno común entre los fruteros Neotropicales (familia: Thraupidae). En
muchas especies de este grupo, el dicromatismo sexual es percibido, por observadores humanos bajo con-
diciones de luz natural, como machos azules y hembras verdes. Por ejemplo, este patrón es recurrente en
especies de varios géneros, tales como Chlorochrysa, Tangara, Dacnis, Chlorophanes, Cyanerpes y Tersina. Con el
objetivo de entender la naturaleza física de este fenómeno, y de determinar el grado de similitud y/o dife-
rencia en el dicromatismo sexual exhibido por diferentes especies, describimos la coloración del plumaje
del Saí Azul (Dacnis cayana) y la Tersina (Tersina viridis) mediante espectrofotometría de reflectancia. No se
encontraron diferencias sexuales en el tono de ambas especies. En cambio, los machos mostraron un pico
de reflectancia secundario en la región de longitudes de onda corta (UV a violeta), el cual estuvo ausente
en las hembras. Este patrón de reflectancia bimodal de los machos difiere de los patrones unimodales más
comúnmente descriptos en plumajes azules. Dada la similitud en los espectros a través de los cuales ambas
especies estudiadas adquieren el mismo dicromatismo sexual azul-verde, sumado a que la evidencia mole-
cular indica una relación cercana entre los géneros Tersina y Dacnis, interpretamos el marcado dicromatismo
sexual encontrado en el Saí Azul y la Tersina como una condición homóloga.
Abstract. – Sexual differences in plumage coloration, referred to as sexual dichromatism, are a common
phenomenon among tanagers (family Thraupidae). In many species of this group, sexual dichromatism is
perceived, by human observers under natural light conditions, as blue males and green females. For
instance, this pattern is recurrent among species of several genera, such as Chlorochrysa, Tangara, Dacnis,
Chlorophanes, Cyanerpes and Tersina. To understand the physical nature of this phenomenon, and to assess
the degree of similarity/difference in sexual dichromatism exhibited by different species, we described the
plumage color of the Swallow Tanager (Tersina viridis) and the Blue Dacnis (Dacnis cayana) using reflectance
spectrophotometry. In both species there were no sexual differences in hue. Instead, males showed a sec-
ondary peak of reflectance in the short-wavelength (UV-violet) part of the spectrum, which was absent in
females. This bimodal reflectance shape of males is different from the most commonly found unimodal
pattern of blue plumages. Given the spectral similarity by which both studied species achieve the same
blue-green sexual dichromatism, and the fact that molecular evidence indicates a close relationship
between the genera Tersina and Dacnis, we interpret the particular sexual dichromatism found in both the
Swallow Tanager and the Blue Dacnis as a homologous condition. Accepted 3 June 2008.
2
BARREIRA ET AL.
Key words: Plumage evolution, reflectance spectrophotometry, sexual dimorphism, Thraupidae, Tersina
viridis, Dacnis cayana.
INTRODUCTION
Sexual differences in plumage coloration,
hereafter referred to as sexual dichromatism,
are a very common phenomenon among tan-
agers (family Thraupidae). About half of the
more than 240 species of this group shows a
strongly marked sexual dichromatism (Burns
1998, Isler & Isler 1999), and probably many
more show cryptic (i.e., undetectable by
humans without the assistance of a spectro-
photometer) sexual dichromatism (Eaton
2005, Tubaro et al. 2005). Among the species
that are sexually dichromatic, there is a recur-
rent pattern of variation of blue males and
green females, present in different genera
such as Tersina, Dacnis, Chlorophanes, Cyanerpes,
Chlorochrysa and Tangara. Ambient light has
been proposed as a factor driving the color
properties of the plumage of birds, since it
could enhance or reduce its conspicuouness
(McNaught & Owens 2002, Gomez & Théry
2004, Théry 2006). According to Théry
(2006), blue and green patterns would be
favored in species that inhabit the canopy. In
this forest stratum, UV and blue wavelengths
prevail in the ambient light, which would
increase the brightness of short-wavelength
reflecting plumages, while green colors would
promote crypsis by matching plumage and
background coloration (Endler 1993, Gomez
& Théry 2004). However, the presence in the
forest understory of many species with UV
reflecting skin coloration (Prum & Torres,
2003) seems to contradict this hypothesis.
Moreover, color correction in the avian visual
system would be accurate enough to compen-
sate the possible effects of the ambient light
in color perception (Endler et al. 2005, Stod-
dard & Prum 2008). Therefore, the factors
driving color patterns in bird’s plumage
remain speculative to date. 
Short-wavelength colors, such as violet
and blue, are a product of the coherent scat-
tering and constructive interference of short
wavelengths on the periodic microstructure
of feather’s barbs and barbules (Prum et al.
1998, Andersson 1999, Prum 1999, 2006;
Shawkey et al. 2003, 2005). Medium wave-
length colors, such as green, result from either
the presence of pigments, feather microstruc-
ture, or both (Dyck 1971, Prum 1999, 2006).
In general, short-wavelength colors also
reflect light in the near UV part of the spec-
trum that is invisible to humans but visible to
birds (Cuthill et al. 2000b, Eaton & Lanyon
2003). Birds also differ in other aspects of
their visual system, including the presence of
four types of single cones in their eye’s retina
instead of the three present in the human eye
(Bennett & Cuthill 1994, Bowmaker et al.
1997). Thus, the use of human perceptual
standards for describing plumage coloration
and its evolutionary significance is, at best,
inadequate (Cuthill et al. 2000a, 2000b).
Recent studies have applied reflectance spec-
trophotometry to describe objectively the
plumage color in tanagers, including differ-
ences between cryptic species (Bleiweiss
2004a), species guilds (Bleiweiss 2004b, 2005),
and cryptic sexual dichromatism (Tubaro et al.
2005). 
The Swallow Tanager (Tersina viridis) and
the Blue Dacnis (Dacnis cayana) are two spe-
cies of tanagers that inhabit mainly in the can-
opy of forests and are broadly distributed
from Central America south to Argentina
(Isler & Isler 1999). In both species the blue-
green sexual dichromatism pattern is strik-
ingly marked. Males exhibit bright blue plum-
age while females appear green to human
observers under natural light conditions.
Although this two species are easily distin-
guishable because their morphology is differ-
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ent, they are closely related (Burns 1997,
Burns et al. 2003) and they show a remarkable
similar sexual dichromatism pattern, at least
to the naked eye. It is the purpose of this
study to describe the plumage’s reflectance
properties of both sexes in these two species
and to compare them intra and inter-specifi-
cally, as an approach to the underlying mecha-
nisms that produce this pattern, in an
objective and quantitative way that is indepen-
dent of human color perception and that can
be more easily related to avian perceptual
capabilities. 
METHODS
This study was conducted on study skins
deposited at the Museo Argentino de Ciencias
Naturales “Bernardino Rivadavia.” Only spec-
imens in perfect condition (without evidence
of degradation due to poor storage conditions
or defects in preparation), and with complete
information on sex, locality, and date of col-
lection were included. A total of 16 adult
individuals of the Swallow Tanager (9 males
and 7 females) and 12 adult specimens of the
Blue Dacnis (6 males and 6 females) were
included. 
Reflectance spectrophotometry. Reflectance mea-
surements were taken from four plumage
patches: crown, rump (upper and lower), wing
coverts (right and left, hereafter referred to as
coverts) and chest (measured twice in the
Swallow Tanager and once in the Blue Dac-
nis). These regions were chosen for two rea-
sons: a) they appear homogeneously colored,
and b) their size allowed us to take at least one
reflectance measurement. For those plumage
patches measured more than once, we used
the mean for each individual in subsequent
analysis.
Plumage reflectance was measured using
an Ocean Optics 2000 spectrophotometer
(Ocean Optics, Inc., Dunedin, Florida) with a
PX-2 pulsed xenon light source (effective
range of emission from 220 to 750 nm) cali-
brated against a white standard of barium sul-
phate following Osorio & Ham (2002).
Before the measurement of each individual, a
new calibration was done to correct for possi-
ble shifts in the performance of the equip-
ment. Plumage was illuminated and reflected
light collected at 45° to the surface and from
the proximal end of the feather. This proce-
dure was adopted to avoid the effect of specu-
lar reflectance that could result when the
feather is illuminated and reflected light is
collected perpendicular to its surface (Anders-
son 1996). The probe was mounted in a pris-
matic probe holder, which isolates the
measured surface from ambient light, and was
held over the selected plumage patch of the
study skin. The diameter of the circular region
illuminated and measured was 6 mm, and the
distance between the probe and the plumage
was 23 mm. The spectrophotometer resolu-
tion was 0.35 nm. Each spectrum was the
average of three readings with an integer time
of 100 ms. Boxcar smoothing was not per-
formed. 
Statistical analysis. In order to reduce the
amount of information and to smooth the
shape of the spectra we calculated the median
reflectance values for bins of 5 nm in the
wavelength range from 320 to 700 nm. Four
spectral variables, estimated from the spectra,
were used to describe plumage coloration.
Brightness was estimated as the sum of reflec-
tance values over the entire spectrum (?R320 –
700). Hue was calculated as the wavelength of
maximum reflectance (λRmax). Chroma was
estimated as the reflectance 50 nm around the
hue divided by total reflectance (R(λRmax±50nm)/
R320-700). This range represents approximately
the sensitivity range of the MWS (medium
wavelength sensitive) cone of birds that
extends for about 100 nm and which maxi-
mum coincides with the average hue we
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found (Table 1, Bowmaker et al. 1997).
Because of the importance of UV in visual
perception in birds, we also calculated a value
of “UV chroma” as the relative reflectance of
UV wavelengths from 320 to 400 nm to over-
all reflectance (R320-400/R320-700). Finally, if a
secondary peak of reflectance was present in
the UV-violet part of the spectrum we regis-
tered its wavelength (λsecondary peak).
Even though the age of the specimens
used for this study is very similar, i.e., they
were collected less than 50 years apart, we
evaluated possible effects of color fading due
to museum storage on the study skins. We
found no significant correlation between
spectral variables and year of capture, in
agreement with other studies (Mc Naught &
Owens 2002, Bridge & Eaton 2005, Barreira
et al. 2007, results not shown). Therefore, we
did not control for fading effects due to
museum storage in subsequent analyses. 
Since the number of individuals in our
samples was relatively small, and the
homoscedasticity assumption of parametrical
tests was not fulfilled in some cases, we used a
non-parametrical test to evaluate color varia-
tion. We tested for sexual differences in each
spectral variable and plumage patch using
Mann-Whitney U-tests for the Swallow Tana-
ger and the Blue Dacnis, separately. We also
compared coloration between species, for
each sex separately, using this same statistical
test. Finally, and given the fact that we used
five different variables for describing the col-
oration of each plumage patch, we applied the
Bonferroni correction to all comparisons,
reducing the α level to 0.01 in order to keep
the global type I error smaller than 5%.
RESULTS
Brightness was higher in males than in
females in all plumage patches of the Swallow
Tanager (U = 0, P < 0.001, Fig. 1). The crown
and chest of the Blue Dacnis showed no sig-
nificant sexual differences (U = 6, P = 0.065),
while rump and coverts were brighter in
males (U = 2, P = 0.009, Fig. 1). When com-
pared between species, brightness was higher
in males of the Swallow Tanager in crown and
coverts (U = 0, P = 0.001), but showed no
significant differences between males of both
species in rump and chest after Bonferroni
correction (U = 8, P = 0.026, Fig. 1). In con-
trast, female brightness of the Blue Dacnis
was higher than that of Swallow Tanager,
which is related to higher reflectance in the
UV region of the spectra (Fig. 1), in all plum-
age patches (U = 3, P = 0.008) but coverts (U
= 11, P = 0.181). 
TABLE 1. Sexual dichromatism in hue (lRmax; expressed in nm) of different plumage patches for the Swal-
low Tanager (Tersina viridis) and the Blue Dacnis (Dacnis cayana). Values are means ± SD and Mann-Whit-
ney U-test results.
Plumage patch Swallow Tanager Blue Dacnis
Males Females U P Males Females U P
(n = 9) (n = 7) (n = 6) (n = 6)
Crown 562.80 ± 7.08 570.63 ± 10.32 11.0 0.031 542.02 ± 6.63 545.35 ± 4.16 11.5 0.310
Rump 552.82 ± 7.89 561.37 ± 11.06 16.5 0.114 542.85 ± 7.05 550.32 ± 5.22 7.0 0.093
Chest 558.34 ± 5.82 564.25 ± 9.87 17.5 0.142 545.35 ± 4.16 555.29 ± 6.08 3.0 0.015
Coverts 555.56 ± 5.61 563.52 ± 12.02 19.5 0.210 541.19 ± 4.08 550.32 ± 8.75 7.5 0.093
α = 0.01 after Bonferroni correction.
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In both species, males and females exhib-
ited a high peak of reflectance at medium
wavelengths (Fig. 1). Therefore, hue as
defined was located approximately in the mid-
dle of the visible spectrum, corresponding to
green wavelengths in both sexes and species
(Table 1). Although males had a slightly lower
hue than females, this difference was only
marginally significant after Bonferroni correc-
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FIG. 1. Mean reflectance spectra (± SE) of the Swallow Tanager (Tersina viridis) and the Blue Dacnis
(Dacnis cayana) of the four studied plumage patches according to sex. 
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Nevertheless, males of the Swallow Tanager
had significant higher hue than males of the
Blue Dacnis in all patches (U = 2, P = 0.002)
except for the rump (U = 9, P = 0.036, Table
1), while hue of females only differed signifi-
cantly between species in the crown (U = 1.5,
P = 0.002), being lower in the Blue Dacnis
(Table 1). A strong secondary reflectance
peak in the short-wavelength part of the spec-
trum, however, was only present in males of
both species (Fig. 1). The wavelength of max-
imum reflectance of this secondary peak was
located between 377 and 407 nm, corre-
sponding to UV to violet colors, and showed
significant interspecific differences in crown
and chest, being slightly smaller in Blue Dac-
nis males (Table 2).
In both species, males always exhibited a
higher UV chroma than females (U = 0, P =
0.002, Fig. 1) due to the presence of the sec-
ondary reflectance peak exclusively in this
sex. When species were compared, only the
rump UV chroma differed significantly
between males, being higher for the Blue
Dacnis (U = 5, P = 0.008), while UV chroma
of females differed in the crown and chest,
where it was higher for the females of the
Blue Dacnis (U = 2, P = 0.005, Fig. 1). 
In contrast to the results of UV chroma,
males of both species had a lower chroma
than females as a consequence of their higher
total reflectance across the spectrum and the
presence of the secondary reflectance peak in
the short-wavelenghts (U = 2, P = 0.009, Fig.
1). Chroma also differed between species for
the males in rump and chest (U = 0, P =
0.001) but in this case, it was higher for the
Swallow Tanager. Females showed interspe-
cific differences in chroma only in the crown
(U = 0, P = 0.001) were it was higher also for
the Swallow Tanager.
DISCUSSION
We have shown clear differences in the reflec-
tance spectra between sexes in the Swallow
Tanager and the Blue Dacnis. Surprisingly,
while both sexes had the same hue, located in
green wavelengths, only the males had a sec-
ondary reflectance peak in the short-wave-
length (UV-violet) part of the spectrum. We
also found significant sexual differences in
brightness, chroma, and UV chroma, which
are probably related to the presence of this
secondary peak in the males’ spectra. This
particular feature produces the human per-
ception that males are blue and females are
green. This sexual dichromatism is probably
stronger to birds themselves, because the sec-
ondary peak of reflectance extends into the
near UV part of the spectrum that is visible to
birds but not to humans. The bimodal reflec-
tance spectra pattern described here for the
males of these two species is uncommon
TABLE 2. Interspecific differences in wavelength of maximum reflectance of the secondary peak
(lseocondary peak; expressed in nm) between males of the Swallow Tanager (Tersina viridis) and the Blue Dacnis
(Dacnis cayana). Values are means ± SD and Mann-Whitney U-test results.





Crown 390.60 ± 04.34 381.22 ± 06.00 4.5 0.005*
Rump 386.20 ± 06.52 377.02 ± 07.42 8.5 0.026
Chest 389.50 ± 03.45 379.53 ± 06.79 5.0 0.008*
Coverts 386.22 ± 04.28 407.06 ± 28.56 19.0 0.388
*Significant after Bonferroni correction, a = 0.01.
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among blue plumages which generally appear
with a single reflectance peak in the UV-blue
range of wavelengths. This is the case of the
blue plumages described, for instance, for the
Blue Tit (Parus caeruleus, Anderson et al. 1998,
Hunt et al. 1998), the Bluethroat (Luscinia
svecica svecica, Johnsen et al. 1998), the Eastern
Bluebird (Sialia sialis, Siefferman & Hill 2003),
the Diademed Tanager (Stephanophorus diade-
matus, Tubaro et al. 2005), the Ultramarine
Grosbeak (Cyanocompsa brissonii, Barreira et al.
2007, Stoddard & Prum 2008), and the Varied
Bunting (Passerina versicolor, Stoddard & Prum
2008). 
 The mechanisms by which the plumage
coloration of females and males of the two
studied species are achieved remain unknown
to date, and there are not proposed hypothe-
sis to explain these phenomena. Only rarely
does green plumage derive from the presence
of green pigments (Dyck 1987, 1992), it
seems reasonable to assume that the main
peak of reflectance in the spectra of the Swal-
low Tanager and the Blue Dacnis females
results from the nano-scale structure of the
feather barbules alone or in combination with
yellow pigments (Prum 2006, Shawkey & Hill
2005). A plausible explanation for the bimo-
dal shape of the reflectance spectra of males is
the presence of carotenoid pigments that
absorb the short wavelengths of the visible
spectrum but not the near UV ones, superim-
posed to a feather microstructure that reflects
all wavelengths but the longer ones of the vis-
ible range. Carotenoid pigments are common
in tanagers (Bleiweiss 2004b, 2005), but its
presence in the Swallow Tanager and the Blue
Dacnis has not been chemically confirmed
yet. Moreover, the absence of this secondary
peak of reflectance in females could be a con-
sequence of a different feather microstructure
or the presence of another pigment that
strongly absorbs in the near UV, such as mela-
nins. Of course, testing such mechanisms
requires the study of the microstructure and
pigment composition of the feathers (Anders-
son 1999, Prum et al. 1999, 2003; Mays et al.
2004, Shawkey & Hill 2005, Shawkey et al.
2005).
Juvenile males of both species are green,
like females, and they achieve their blue color
in subsequent molts (Isler & Isler 1999). At
least in the Swallow Tanager, acquisition of
blue plumage requires four years, and thus the
study of the feather microstructural changes
and pigment composition throughout the
ontogeny may illustrate the physical process
underlying the sexual dichromatism of this
species.
Endler (1993, 2000) proposed that any
visual signal that evolved to maximally stimu-
late the visual system of a receiver should
exhibit a match between its reflectance spec-
trum and the spectrum of the available
environmental light and, simultaneously, max-
imize the contrast with the background (sen-
sory drive hypothesis). Both studied species,
the Swallow Tanager and the Blue Dacnis,
inhabit the forest canopy and forest edge, and
forage relatively high in trees (Isler & Isler
1999), where light conditions that correspond
to woodland shadow and large gaps and are
prevalent (Endler 1993, Théry 2006). Under
these circumstances, blue and UV coloration
would maximize brightness, since they match
the most abundant wavelengths in the ambi-
ent light (Endler 1993, Gomez & Théry 2004,
Théry 2006). Although blue males are proba-
bly more conspicuous than green females
because of their higher contrast against the
green and non UV reflecting background of
the forest canopy, those with the described
bimodal blue pattern could drastically reduce
their conspicuousness by moving into the for-
est understory, where there are different light
conditions (forest shade, Endler 1993). Thus,
both sexes should be relatively cryptic in for-
est shade where, due to the scarcity of UV
wavelengths in the ambient light, males could
only reflect medium wavelengths similar to
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their vegetation background. However, recent
work by Endler et al. (2005) and Stoddard &
Prum (2008) suggests that ambient light
would not play an important role on color
perception by birds since the visual color con-
stancy correction of their visual system would
eliminate any effect of uneven wavelength
distribution in the irradiating spectra, mini-
mizing the chances of ambient light to drive
the evolution of plumage coloration.
According to the molecular phylogeny of
the Thraupidae (Burns 1997, Burns et al.
2003) the Swallow Tanager is a sister species
in the clade composed with the genera Dacnis
and Cyanerpes. Both, Dacnis and Cyanerpes
comprise several species characterized by
green or olive-green females and turquoise,
blue and violet males, with the notable excep-
tion of the Yellow-bellied Dacnis (D. flaviven-
ter) that has a predominately yellow plumage.
Even though we found interspecific statistical
differences in some of the color parameters in
some of the analyzed plumage patches, these
are minor in comparison with sexual differ-
ences among species and do not follow a con-
sistent pattern. Therefore, the marked sexual
dichromatism found in both the Swallow
Tanager and the Blue Dacnis would be most
parsimoniously explained as a homologous
condition, produced by a similar mechanism
in each sex. There are, however, many appar-
ent instances of convergent evolution of blue-
green sexual dichromatism among tanagers,
for example, such color dimorphism exists in
some species of Tangara, a genus not closely
related to the clade comprised by Tersina,
Dacnis and Cyanerpes (Burns 1997). Moreover,
blue-green sexual dichromatism is also
present in more distantly-related passerine
genera, like Euphonia and Chlorophonia, which
are not members of the Thraupidae family
(Burns 1997, Burns et al. 2003). In addition,
the variability in the reflectance spectra
shapes of blue plumages reinforces the need
of spectrophotometry analysis when dealing
with avian coloration, and suggests that simi-
lar patterns to the human eye can be probably
generated by different inner mechanisms.
Given these facts, it seems interesting to
investigate if convergence in this particular
and extended sexual dichromatism pattern is
also produced by convergent mechanisms.
ACKNOWLEDGMENTS
We thank R. O. Prum and J. K. V. Delhey for
comments regarding the mechanisms of color
production in birds. We also thank R. O.
Prum, I. C. Cuthill and an anonymous
reviewer for their valuable comments on a
previous version of the manuscript. This
work was supported by the Consejo Nacional
de Investigaciones Científicas y Técnicas,
Argentina (PEI 6001 to PLT), and a Natural
Sciences and Engineering Research Council
of Canada Discovery Grant and a Canada
Foundation for Innovation New Opportuni-
ties grant (SCL).
REFERENCES
Andersson, S. 1996. Bright ultraviolet colouration
in the Asian whistling-thrushes (Myiophonus
spp.). Proc. R. Soc. Lond. Ser. B Biol. Sci. 263:
843–848.
Andersson, S. 1999. Morphology of UV reflec-
tance in a whistling-thrush: implications for the
study of structural colour signalling in birds. J.
Avian Biol. 30: 193–204.
Andersson, S., J. Örnborg, & M. Andersson. 1998.
Ultraviolet sexual dimorphism and assortative
mating in Blue Tits. Proc. R. Soc. Lond., Ser. B
Biol. Sci. 265: 445–450.
Barreira, A. S., D. A. Lijtmaer, S. C. Lougheed, & P.
L. Tubaro. 2007. Subspecific and temporal vari-
ation in the structurally based coloration of the
Ultramarine Grosbeak. Condor 109: 187–192.
Bennett, A. T. D., & I. C. Cuthill. 1994. Ultraviolet
vision in birds: what is its function? Vision Res.
34: 1471–1478.
Bleiweiss, R. 2004a. Ultraviolet plumage reflec-
9
BLUE MALES AND GREEN FEMALES
tance distinguishes sibling bird species. Proc.
Natl. Acad. Sci. USA 101: 16561–16564.
Bleiweiss, R. 2004b. Novel chromatic and struc-
tural biomarkers of diet in carotenoid-bearing
plumage. Proc. R. Soc. Lond., Ser. B Biol. Sci.
271: 2327–2335.
Bleiweiss, R. 2005. Variation in ultraviolet reflec-
tance by carotenoid-bearing feathers of tana-
gers (Thraupini: Emberizinae: Passeriformes).
Biol. J. Linn. Soc. 84: 243–257.
Bowmaker, J., L. Heath, S. Wilkie, & D. Hunt.
1997. Visual pigments and oil droplets from six
classes of photoreceptor in the retinas of birds.
Vision Res. 37: 2183–2194.
Bridge, E. S., & M. D. Eaton. 2005. Does ultravio-
let reflectance accentuate a sexually selected
signal in terns? J. Avian Biol. 36: 18–21. 
Burns, K. J. 1997. Molecular systematics of tana-
gers (Thraupinae): evolution and biogeography
of a diverse radiation of Neotropical birds. Mol.
Phylogen. Evol. 8: 334–348.
Burns, K. J. 1998. A phylogenetic perspective on
the evolution of sexual dichromatism in tana-
gers (Thraupidae): the role of female versus
male plumage. Evolution 52: 1219–1224.
Burns, K. J., S. J. Hackett, & N. K. Klein. 2003.
Phylogenetic relationships of Neotropical hon-
eycreepers and the evolution of feeding mor-
phology. J. Avian Biol. 34: 360–370.
Cuthill, I. C., A. T. D. Bennett, J. C. Partridge, & E.
J. Maier. 1999. Plumage reflectance and the
objective assessment of avian sexual dichroma-
tism. Am. Nat. 160: 183–200.
Cuthill, I. C., J. C. Partridge, & A. T. D. Bennett.
2000a. Avian UV vision and sexual selection.
Pp. 61–82 in Espmark, Y., T. Amundsen, G.
Rosenqvist (eds.). Animal signals: signalling and
signal design in animal communication. Tapir
Academic Press, Trondheim, Norway.
Cuthill, I. C., J. C. Partridge, A. T. D. Bennett, S. C.
Church, N. S. Hart, & S. Hunt. 2000b. Ultravio-
let vision in birds. Adv. Stud. Behav. 29: 159–
214.
Dyck, J. 1971. Structure and spectral reflectance of
green and blue feathers of the Rose-faced
Lovebird (Agapornis roseicollis). Biol. Skr. 18: 1–
67.
Dyck, J. 1987. Structure and light reflection of
green feathers of fruit doves (Ptilinopus spp.)
and an Imperial Pigeon (Ducula concinna). Biol.
Skr. 30: 1–43.
Dyck, J. 1992. Reflectance spectra of plumage areas
colored by green feather pigments. Auk 109:
293–301.
Eaton, M. D. 2005. Human vision fails to distin-
guish widespread sexual dichromatism among
sexually “monochromatic” birds. Proc. Natl.
Acad. Sci. USA 102: 10942–10946.
Eaton, M. D., & S. M. Lanyon. 2003. The ubiquity
of avian plumage reflectance. Proc. R. Soc.
Lond., Ser. B Biol. Sci. 270: 1721–1726.
Endler, J. 1993. The color of light in forests and its
implications. Ecol. Monogr. 63: 1–27.
Endler, J. 2000. Evolutionary implications of the
interaction between animal signals and the
environment. Pp. 11–46 in Espmark, Y., T.
Amundsen, & G. Rosenqvist (eds.). Animal sig-
nals: signalling and signal design in animal com-
munication. Tapir Academic Press, Trondheim,
Norway.
Endler, J. A., D. S. Westcott, J. R. Madden, & T.
Robson. 2005. Animal visual systems and the
evolution of color patterns: sensory processing
illuminates signal evolution. Evolution 59:
1795–1818.
Gomez, D., & M. Théry. 2004. Influence of ambi-
ent light on the evolution of colour signals:
comparative analysis of a Neotropical rainfor-
est bird community. Ecol. Lett. 7: 279–284.
Hunt, S., A. T. D. Bennett, I. C. Cuthill, & R. Grif-
fiths. 1998. Blue Tits are ultraviolet tits. Proc. R.
Soc. Lond., Ser. B Biol. Sci. 265: 451–455.
Isler, M. L., & P. R. Isler. 1999. The tanagers: natu-
ral history, distribution, and identification.
Smithsonian Institution Press, Washington,
DC.
Mays, H. L., K. J. McGraw, G. Ritchison, G., S.
Cooper, V. Rush, & R. S. Parker. 2004. Sexual
dichromatism in the Yellow-breasted Chat Icte-
ria virens: spectrophotometric analysis and bio-
chemical basis. J. Avian Biol. 35: 125–134.
McNaught, M. K., & I. P. F. Owens. 2002. Inter-
specific variation in plumage colour among
birds: species recognition or light environment?
J. Evol. Biol. 15: 505–514.
Osorio, D., & A. D. Ham. 2002. Spectral reflec-
tance and directional properties of structural




Prum, R. O. 1999. The anatomy and physics of
avian structural coloration. Proc. Int. Ornithol.
Congr. 22: 1633–1653.
Prum, R. O. 2006. Anatomy, physics, and evolution
of structural colors. Pp. 295–353 in Hill, G. E.,
& K. J. McGraw (eds.). Bird coloration. Volume
1: Mechanisms and measurements. Harvard
Univ. Press, Cambridge, Massachusetts.
Prum, R. O., S. Andersson, & R. H. Torres. 2003.
Coherent scattering of ultraviolet light by avian
feather barbs. Auk 12: 163–170.
Prum, R. O., & R. Torres. 2003. Structural coloura-
tion of avian skin: convergent evolution of
coherently scattering dermal collagen arrays. J.
Exp. Biol. 206: 2409–2429.
Prum, R. O., R. Torres, S. Williamson, & J. Dyck.
1998. Constructive interference of light by blue
feather barbs. Nature 396: 28–29.
Prum, R. O., R. Torres, S. Williamson, & J. Dyck.
1999. Two-dimensional Fourier analysis of the
spongy medullary keratin of structurally
coloured feather barbs. Proc. R. Soc. Lond.,
Ser. B Biol. Sci. 266: 13–22.
Shawkey, M. D., A. M. Estes, L. M. Siefferman, &
G. E. Hill. 2003. Nanostructure predicts
intraspecific variation in ultraviolet-blue plum-
age colour. Proc. R. Soc. Lond., Ser. B Biol. Sci.
270: 1455–1460.
Shawkey, M. D., A. M. Estes, L. Siefferman, & G.
E. Hill. 2005. The anatomical basis of sexual
dichromatism in non-iridescent ultraviolet-blue
structural coloration of feathers. Biol. J. Linn.
Soc. 84: 259–271.
Shawkey, M. D., & G. E. Hill. 2005. Carotenoids
need structural colours to shine. Biol. Lett. 1:
121–124.
Siefferman, L., & G. E. Hill. 2003. Structural and
melanin coloration indicate parental effort and
reproductive success in male Eastern Blue-
birds. Behav. Ecol. 14: 855–861.
Stoddard, M. C., & R. O. Prum. 2008. Evolution of
avian plumage color in a tetrahedral color
space: a phylogenetc analysis of New World
Buntings. Am. Nat. 171: 755–776.
Théry, M. 2006. Effects of light environment on
color communication. Pp. 148–173 in Hill, G.
E., & K. J. McGraw (eds.). Bird coloration. Vol-
ume 1: Mechanisms and measurements. Har-
vard Univ. Press, Cambridge, Massachusetts.
Tubaro, P. L., D. A. Lijtmaer, & S. C. Lougheed.
2005. Cryptic dichromatism and seasonal color
variation in the Diademed Tanager. Condor
107: 648–656.
